The 2014 Nobel Prize in Chemistry has been awarded jointly to William E. Moerner, Stefan W. Hell, and Eric Betzig ''for the development of super-resolved fluorescence microscopy.'' I discuss the contributions made by this year's awardees and how advances in understanding the behavior of fluorophores and research in light microscopy converged to allow the improved visualization of biological structures.
The recognition of the work that was granted in this year's Nobel Prize in Chemistry highlights an important convergence of fields. William Moerner's key studies on the characteristics of fluorophores and advances in the field of light microscopy by Stefan Hell and Eric Betzig have provided approaches that allow us to get a better picture of subcellular structures.
William Moerner has the distinction of being the first person to conceive of and perform experiments with single fluorophores (Moerner and Kador, 1989) . Although Tomas E. Hirschfeld was able to systematically observe small assemblies of molecules about 13 years earlier, he was unable to visualize fewer than 100 molecules (Hirschfeld, 1976 ). Moerner's seminal 1997 paper showed that individual fluorophore molecules switch on and off, thereby sparking new ideas on how the photoactivation properties of fluorophores can be used to localize single molecules in a solid or even a fluid phase (Dickson et al., 1997) . As such, Moerner's studies lay the groundwork for the numerous localization microscopy approaches developed by Stefan Hell, Eric Betzig, and others.
Stefan Hell worked in my laboratory at EMBL as a postdoc during the early 1990s on 4Pi microscopy, an axial interference-based laser scanning confocal microscopy approach Stelzer, 1992, Hell et al., 1994) . By late 1993, Hell joined forces with a former collaborator of mine in Turku, Finland. While Steffen Lindek and I worked on confocal theta and 4Pi-theta fluorescence microscopy , which we later developed into light sheet-based fluorescence microscopy (Huisken et al., 2004) , Hell and Jan Wichmann published their theoretical paper on stimulated emission depletion (STED) microscopy in 1994 (Hell and Wichmann, 1994) . Although Hell explicitly received the Nobel Prize in Chemistry for STED, it should be noted that he systematically explored various schemes that deplete states in a fluorophore in his work on reversible saturable optical fluorescence transitions (RESOLFT).
Eric Betzig did much of his early work in scanning near-field optical microscopy (SNOM) and its applications to studies of single fluorophores, addressing fundamental questions concerning the response of fluorophores to polarized light and the properties of the surfaces on which they were spread out. SNOM was regarded as one of the first techniques that could operate beyond the diffraction limit established in far-field light microscopy. He left Bell Labs and the scientific community in the late 1990s to work in his father's company and returned in 2005 with a paper on optical lattice microscopy (Betzig, 2005) . In 2006, Betzig and Harald Hess published a paper in Science describing how photoactivatable fluorophores could be used to measure the location of single molecules in a plane, with a precision in the tens of nanometers (Betzig et al., 2006) . Using this photoactivated localization microscopy (PALM) approach, Betzig and Hess were able to generate superresolved images. Now, a question that may have arisen in many people's minds is why a Nobel Prize for superresolution microscopy has been awarded in chemistry and not in physics? The answer is quite simple: none of the nanoscopic instruments rely on novel physical principles, nor have they produced new physics-related insights. Rather, they rely on the properties of fluorophores. Let us now have a look at the physical limits of resolution, and then come back to the properties of fluorophores.
Resolution is limited by the physical properties of light, whose diffraction through a grating was well-known but was rephrased by Ernst Abbe in the context of microscopy (Abbe, 1873) . Although light interference patterns are complex and are characterized by multiple orders, Abbe suggested that to get an accurate image of a specimen, it was sufficient to consider only undiffracted and first-order diffracted light. This means that the diffraction limit equation can be collapsed down into a relatively simple relationship as follows:
where d relates to the spacing of the grating and is commonly regarded as the lower limit to the lateral resolution of an optical instrument, n is the refractive index of the material the light is passing through, and a is the angle into which the light beam is diffracted. However, the relationship is only correct for a uniform illumination and a very thin, borderless grating. It is not valid for a grid and is, in a sense, a relationship for a twodimensional world. Even phrased for a grid and for our three-dimensional world, the equation will always refer to the limits of an image-forming device and not necessarily to the limits of a sampling device. Thus, Abbe's resolution is not about localization or precision, and of course Abbe did not consider scanning devices. It should be noted that although a popular view among many scientists is that Abbe's formula limits the lateral resolution to l/2, a lateral resolution of l/5 is achievable in an optical transmission microscope with an annular condenser (Vainrub et al., 2006) . Indeed, the lateral resolution of a far-field microscope can easily be pushed to beyond l/4 within the current theoretical framework. So how does this relate to superresolution microscopy? Basically, all of these light optical methods rely on localized fluorescence, namely the specific observation of a subset of the potential targets in a specimen. They either excite the fluorophores deterministically, as in STED microscopy, or statistically, as in PALM and STORM. Notably, neither method actually forms an image that can be observed directly through an ocular. Rather, they are sampling devices that collect and interpret the signal and then calculate the image. This is the key to how superresolution microscopy manages to surpass the resolution limits that apply to ordinary imaging devices: the boost in resolution comes from sampling methods. Indeed, Betzig and Hess were fully aware of the fact that they had not developed an image forming device, but a statistical sampling instrument that localizes the source of the fluorescence emission by analyzing multiple images: hence the ''L'' in ''PALM.'' For the same reasons, Xiaowei Zhuang refers to ''reconstruction microscopy'' in her development of STORM (Rust et al., 2006) and Sam Hess to ''localization'' in his development of FPALM .
How exactly do these approaches work? The basic idea of STED is to confine the excitation of the fluorophores to a small area or volume using two laser beams. First, fluorophores are excited with a diffraction-limited light spot, similar to what is done using a confocal fluorescence microscope. The second laser beam has a doughnut shaped intensity distribution with an essentially zero intensity in its center. While the fluorophores are in the excited state, the second laser beam depletes all fluorophores apart from those in its center. The diameter of the central area is determined by the intensity of the second doughnut shaped laser, with higher intensity resulting in smaller area. The two laser beams sample the specimen, and since the relative positions of the intensity measurements are known, the fluorescence response can be used to calculate an image. The precision in the resultant image is defined by the precision with which a scanner moves the two laser beams across the specimen. An increase of the recording speed by parallelization while still maintaining the lateral resolution in infinitely thin specimens requires a minimal distance between any two excitation beams, which is, unsurprisingly, essentially determined by Abbe's diffraction limit. This requirement applies essentially to any sampling-based microscopy.
On the other hand, in PALM and STORM, an estimate is made of the location from which ideally a single fluorophore emits light. The basic idea of stochastic methods is to excite a fraction of the potentially excitable fluorophores, collect their emission with a camera, and then determine the central location of each fluorophore. After Eric Betzig started a collaboration with Harald Hess, he joined forces with Jennifer LippincottSchwartz and George Patterson, who had developed photoactivatable GFP (Patterson and Lippincott-Schwartz, 2002) and performed the first experiments in their laboratory at NIH. This was the missing piece in his quest to develop the localization microscopy he had in mind for a number of years (Betzig, 1995) . In PALM, a fraction of the GFP molecules are photoactivated at low light intensity to excite them in a manner similar to regular wide-field fluorescence microscopy. The emitted light is then collected by a camera and analyzed to determine the central locations of all fluorophores, with the entire process repeated until all fluorophores have been bleached. The compiled list of fluorophore locations is finally used to calculate an image.
It should be noted that excitation of fluorophores with very high intensities can also be used to generate higher harmonics, and hence frequencies that support the visualization of objects outside the diffraction limit of a linearly illuminated specimen, as pointed out by Rainer Heintzmann (Heintzmann et al., 2002) . The late Mats Gustafsson was the first to take advantage of this effect in a nonlinear structured illumination microscope (SIM) (Gustafsson, 2005) . In SIM, at least two coherent illumination beams interfere in a fluorophore-labeled specimen and usually create a sinusoidal interference pattern, which can be imaged but not necessarily resolved with a camera (Gustafsson, 2000) . Three or five phases are recorded to generate a single image, with a resolution improved by a factor of two, at best, in a linear SIM. In a nonlinear mode, SIM provides a lateral resolution of about 50 nm, which is certainly in the same league as PALM, STORM, or STED microscopy, and represented an early step in the right direction.
There are a number of limitations in superresolution microscopy, some of which apply to fluorescence microscopy in general. For example, the number of fluorescence photons that can be collected from a fluorophore-labeled specimen is limited. However, improving the resolution by a factor of two reduces the volume from which the signal stems by a factor of eight, meaning only one eighth the number of fluorophores contributes to a particular pixel in the image. This means that the recording time has to be increased by a factor of 64 to retain the same signal-to-noise ratio, but it is by no means clear that this is possible with regular fluorophores. In addition, the excitation light is also absorbed by endogenous organic molecules, which are then degraded, leading to cellular defects that make live measurements difficult. Moreover, as life on earth is adapted to the solar constant, which is usually less than 1,000 W/m 2 on the ground, irradiance
should not exceed 100 mW/cm 2 when biological specimens are followed in time and space. Another problem is that high wavelengths (around 700 nm) of light are used for excitation in superresolution microscopy. This may be unnecessary in some cases; for instance, when imaging ''dead and flat'' specimens, smaller labeling dyes and 380 nm UV light might be used to yield better and much brighter images.
While many groups have been working on the physical and technical aspects of STED microscopy, STORM, and PALM, a major challenge has been the application of these techniques to obtain new biological insights beyond what might be learned from electron microscopy, biochemistry, or other simpler forms of light microscopy (e.g., total internal reflection fluorescence microscopy). The group of Stefan Hell has not only developed RESOLFT and mastered all the problems one usually encounters when a new method is established from scratch, but they have also made a heroic effort in applying STED in a number of different biological applications. These include examining processes within neuronal synapses, the distribution of lipids, and the observation of live events in intact mouse brains. This work clearly outlines the potential of their methods in the life sciences. In addition, localization microscopy delivers single-molecule information about molecular distributions. STORM and its variant dSTORM (Heilemann et al., 2008) , can even measure the absolute number of proteins present in a subcellular compartment (Ehmann et al., 2014) , providing the insights into biological systems that are required for developing quantitative models of complex biological interactions.
Looking forward, a number of groups have recently combined the superresolution techniques with methods that are more suited for thick specimens, such as light-sheet-based fluorescence microscopy (Keller et al., 2008) . Francesca Cella Zanacchi and Alberto Diaspro have also combined static LSFM with PALM (Cella Zanacchi et al., 2011) to observe multicellular spheroids. A particularly interesting development by Eric Betzig (Chen et al., 2014) combines LSFM and the concept of coherent structured illumination (SIM) to reduce the light sheet thickness by replacing the traditional Gaussian beam with several interfering Bessel beams. This makes LSFM suitable for the observation of thin specimens. Two to three cell layers and the superficial volume segments of thicker specimens can be observed. The resolution is comparable to that of a confocal fluorescence microscope, while recording speed, number of frames and duration are heavily improved. Thus, PALM can be used in a dynamic fashion and is not restricted to flat specimens anymore.
As we await more biological insights, one important point to keep in mind is how recently superresolution microscopy was developed. Perhaps a useful point of comparison would be the 1986 award of the Nobel Prize in Physics in part to Gerd Binnig and Heinrich Rohrer for scanning tunneling microscopy (Binnig et al., 1982 ) (STM). STM and atomic force microscope (AFM) were the first instruments that produced images of single molecules spread out on a flat surface. I can recall my own amazement upon actually seeing the structure of a benzene ring and the twist of double stranded DNA. Rather than being inferred, they were clearly visible and resembled the structures known from decade-old textbooks. This amazement probably came in part from the fact that my tutors in theoretical physics had told me not to rely on pictures, but to draw my entire faith in the mathematical descriptions. In general, much of the early fascination for these techniques did not stem from novel information, but rather from the confirmation that they provided. However, thirty years later, the situation is entirely different. Both techniques have established themselves as the methods of choice in many disciplines, all over the world. There is every reason to believe that the same will be true of superresolution microscopy.
